An HPLC analysis was performed on the concentrations of flavonoids in 42 species and cultivars of the Citrus genus and those of two Fortunella and one Poncirus species according to the classification system established by Tanaka. The composition of 8 flavanones and 9 flavone/ols for these species was determined in the albedo, flavedo, segment epidermis and juice vesicle tissues, and those in the fruit and peel tissues were calculated from the composition data of the tissues. A principal component analysis showed that such neohesperidosyl flavonoids as neoeriocitrin, naringin, neohesperidin, and rhoifolin had large factor loading values in the first principal component for each tissue. The flavonoid composition of citrus fruits was approximately the same within each section of Tanaka's system, except for the species in the Aurantium section and those with a peculiar flavonoid composition such as Bergamot (C. bergamia), Marsh grapefruit (C. paradisi), Sour orange (C. aurantium), and Shunkokan (C. shunkokan). The Aurantium section included both naringin-rich and hesperidin-rich species.
Citrus plants contain a wide range of flavonoid constituents, some of which, e.g., hesperidin, naringin, and polymethoxylated flavones (PMFs), are characteristic of them and others such as rutin and quercetin are common in the plant kingdom. Attempts have recently been made to find biological activities among citrus flavonoids. For instance, naringin has been found to lower the total cholesterol and low-density lipoprotein cholesterol levels in plasma, 1) while the administration of hesperetin and its metabolites significantly lowered the total cholesterol and triglyceride concentrations in plasma.
2) Hesperidin and diosmin, both alone and in combination, act as a chemopreventive agent against colon carcinogenesis induced by azoxymethane.
3) The polymethoxylated flavone, nobiletin, has been reported to effectively down-regulate the production of promatrix metalloproteinase and to interfere with the proliferation of synovial fibroblasts. 4) Tangeretin has been reported to have a suppressive effect on malignant tumor invasion and metastasis.
5) The purpose of these present studies is to prevent chronic diseases through the daily intake of citrus fruits and to increase their added value.
Paper chromatography, thin-layer chromatography, and open column chromatography have all been used to analyze citrus flavonoids. [6] [7] [8] [9] These methods are effective for the separation and identification of flavonoids, but of limited quantitative value. The introduction of the HPLC technique has led to better resolution and more precise quantification. [10] [11] [12] [13] Past studies have attempted to apply flavonoid composition to the classification and discrimination of Citrus species, although HPLC determinations are limited. For instance, Gaydou et al. have quantified the polymethoxylated flavones in mandarins (C. reticulata) and oranges (C. sinensis). 14) Mouly et al. have effectively differentiated lemon, lime, grapefruit, and sweet orange by a factorial discrimination analysis of the flavanone glycoside composition in the juice. 15) Kawai et al. have quantified 25 flavonoids in handsqueezed juice from 34 citrus samples and analyzed the data by a principal component analysis, indicating the peculiarities of King (C. nobilis) and Bergamot (C. bergamia). 16) These studies should contribute to the chemical taxonomy of Citrus species, although an objective extraction method is needed for this purpose, because the distribution of flavonoids in citrus tissues varies with the structure and so does the preferable extraction method.
17) The development of DNA marker techniques has enabled RAPD, 18) ISSR, 19) and RFLP 20) analyses to be conducted on the taxonomy and genealogy of Citrus species. Concomitantly, studies to discriminate species and cultivars by ISSR 21) and CAPS 22) analyses have been performed. These methods exhibit sufficient discriminative ability provided that the samples are genetically similar, but when the genetic background is not known, it takes considerable time and effort to discover effective markers.
The detailed flavonoid composition in fruit tissues of the Citrus species was analyzed in this study to provide data that would enable more effective utilization of flavonoid constituents and to examine the agreement of their flavonoid composition with Tanaka's classification system.
Materials and Methods
Plant materials. The citrus fruits investigated were grown and harvested at the Department of Citrus Research (National Institute of Fruit Tree Science, Okitsu, Japan). From the same tree, 5-15 mature fruits were harvested in 2003. Four different tissue samples, the flavedo, albedo, segment epidermis, and juice vesicle, were dissected, weighed, and stored at À80 C prior to their preparation.
Sample preparation. The samples were prepared and analyzed as described previously.
13) The flavedo, albedo, and segment epidermis samples were lyophilized and ground with an Ultra Centrifugal Mill (Mitamura Riken Kogyo, Tokyo, Japan) filled with a 0.5-mm filter. Portions (100 mg) of the powdered tissues were extracted for 12 h with 5 ml of methanol-DMSO (1:1, v/v) at ambient temperature. After centrifugation at 3;000 g for 10 min, the extract was decanted, and the remaining residue was extracted twice more with 1 ml of the same solution. The combined extract was diluted tenfold with distilled water and passed through a SepPak C 18 (0.36 g) cartridge which had been preconditioned with 5 ml of methanol and then 10 ml of 10% methanol. The cartridge was washed with 10% methanol, and the flavonoids were eluted with methanol-DMSO (1:1, v/v). The volume of the eluate was adjusted to 5 ml and filtered through a membrane filter (0.5 mm) prior to injection. The juice sample was prepared by homogenizing the juice vesicles with a mixer. The homogenate was centrifuged at 15;000 g for 20 min, and 3 ml of the resulting supernatant was passed through the SepPak cartridge as already described.
Flavonoid analysis. The structures of flavonoids investigated are presented in Fig. 1 . NDM was donated by the Fruit and Vegetable Chemistry Laboratory (US Department of Agriculture, Agricultural Research Service, Pasadena, CA, U.S.A.). Other HPLC-grade flavonoid standards were purchased from Funakoshi (Tokyo, Japan), all other chemicals being of analytical grade from Wako (Osaka, Japan). The HPLC system consisted of two pumps, an autosampler, a photodiode array detector (Hitachi, Tokyo, Japan), a column oven (Shimadzu, Kyoto, Japan), and a C 18 RP column (LiChrospher 100 RP-18, 250 Â 4:0 mm-i.d.; Merck, Darmstadt, Germany) with a cartridge guard column. The detector was monitored at 285 nm and measured spectra from 200 to 360 nm. A two-solvent gradient system of aqueous 10 mM phosphoric acid (A) and methanol (B) was used. The gradient program consisted of three periods: (1) 0-55 min, 70-55% A, (2) 55-95 min, 55-0% A, (3) 95-100 min, 100% B. The resulting chromatographic data was integrated up to 90 min. The flow-rate was 0.6 ml/min, the column was operated at 40 C, and the sample injection volume was 10 ml. The flavonoids were identified by comparing their retention times and UV spectra with those of authentic standards stored in a data processor. The concentration of each flavonoid was calculated from the integrated peak area of the sample and the corresponding standard.
Principal component analysis. The concentrations of 17 flavonoid constituents in the citrus fruits were used as variables. The Statistica ver. 4.5 statistical analysis program (StatSoft Inc., Tulsa, OK, U.S.A.) was used to calculate and plot data from the principal component analysis. Each principal component was calculated by taking a linear combination of an eigenvector of the correlation matrix with original variables. A dendrogram was calculated by using the UPGMA (unweighted pairgroup method using arithmetic averages) method based on the standardized data of flavonoid composition in Citrus fruits.
Results and Discussion

Distribution of flavonoids in citrus fruits and tissues
The species investigated are listed in Table 1 according to the morphological system established by Tanaka who classified the Citrus genus into 2 subgenera, 8 sections and 16 subsections, involving 149 species, in 1969. 23) Swingle, an advocator of another system, classified Citrus into 2 subgenera and 16 species including 8 varieties in 1948. 24) The major difference between these two systems is in how mandarins (group VII in Table 1 ) were treated: Swingle placed all mandarins except C. tachibana and C. indica in C. reticulata, whereas Tanaka separated mandarins into 36 species. Tables 2-7 show the flavonoid concentrations in each tissue of citrus fruit on a fresh weight basis. The composition data for each fruit (Table 2) were calculated from those of the flavedo, albedo, segment epidermis, and juice vesicle tissues, and that for the peel tissue (Table 3) was from those of the flavedo and albedo tissues. ERC widely occurred in the species of each section excepting Fortunella (102) and Poncirus (103). Tahiti lime (#3), Eureka lemon (#7), Lumie (#9), and Koji (#41) contained ERC at the highest concentrations among the 45 species ( Table 2 ). The tissue containing the highest concentration of this compound was flavedo of the Tahiti lime (#3) and albedo of the Eureka lemon (#7), Lumie (#9), and Koji (#41) ( Tables 5 and 6 ). ERC was also present at high levels in the juice vesicle of these fruits (Table 4) . Bergamot (#4) and Sour orange (#17) fruits contained NER in exceptionally large amounts (Table 2 ). In the Limonellus (II) section, Bergamot (#4) had a peculiar flavonoid composition in that it had large amounts of NER and NHP, but little HSP. The occurrence of NER was relatively limited to certain species. NRT occurred in all species investigated except Cabuyao (#1), Citron (#6) and Shaten yu (#11) ( Table 2 ). The species belonging to the Aurantium (V) section such as Sanbokan (#16) and Shunkokan (#22), and those to Fortunella (102) contained NRT in large amounts (Table 2 ). This flavonoid was abundant in the flavedo and segment epidermis, but scarce in the albedo of the Citrus species (I-VIII) ( Tables 5-7 ). In the Fortunella (102) species, NRT was present at higher levels in the segment epidermis and juice vesicle than in the peel (Tables 3, 4 and 7) . NRG was present in large amounts in species of the Cephacitrus (IV), Aurantium (#15-17), and Osmocitrus (VI) sections, and in Bergamot (#4), Shikikitsu (#42), and Trifoliate orange (#45) ( Table 2 ). Swingle defined Shikikitsu (#42) as a hybrid of C. reticulata, although it had a similar flavonoid composition not to mandarins but to the Osmocitrus (VI) section species. 25) Marsh grapefruit (#12) contained the highest concentration of NRG, its respective content in the fruit tissues being 2700, 1270, 1130, and 994 mg/100 g in albedo, juice vesicle, segment epidermis, and flavedo (Tables 4-7) . HSP was distributed in all fruits except part of the Cephacitrus species (#10-12), Sour orange (#17), and Trifoliate orange (#45) ( Each value is the average of four replications (mg/100 g fresh weight). Each value is the average of four replications (mg/100 g fresh weight). Each value is the average of four replications (mg/100 g fresh weight).
Flavonoid Composition of Citrus Fruits
Eureka lemon (#7), species of Aurantium (#16, [18] [19] [20] 22) and Acrumen (VII) sections ( Table 2 ). The albedo contained the highest concentration among these fruits, except for King (#26) in which the concentration of HSP in the flavedo was more than twice that in the albedo (Table 5 and 6 ). In contrast, the HSP concentration in the juice vesicle was the lowest among the fruit tissues in these species (Table 4 ). All species tested in the Cephacitrus (IV) and Osmocitrus (VI) sections contained NHP, while those in the Citrophorum (III) and Acrumen sections (VII) didn't ( Table 2 ). The species containing NRG at more than 10 mg/100 g of fruit contained NHP, except for Sanbokan (#16) and Trifoliate orange (#45) ( Table 2 ). Bergamot (#4) and Sour orange (#17) contained NHP at high concentrations in the juice vesicle (Table 4) . Valencia (#18), Morita navel (#19), and Hyuganatsu (#21) belonging to the Aurantium section (VII), as well as Cabuyao (#1) and Trifoliate orange (#45), contained NPO at a high concentration in fruit of the species tested ( Table 2 ). The concentrations of this compound in the segment epidermis were the same or higher than in the peel of these species (Tables 3 and 7) . Trifoliate orange (#45) contained PON at very high concentrations in the segment epidermis, albedo, juice vesicle, and flavedo: 3890, 2240, 1340, and 48.7 mg/100 g, respectively. Cabuyao (#1), species in the Limonellus (II), Cephacitrus (IV), part of Aurantium (#15-17), and Osmocitrus (VI) sections, and those in Fortunella (102) also contained this flavonoid. RTN was widely distributed in Citrus and Poncirus (103) fruits, although no specific trend was apparent, except that all species in the Cephacitrus (IV) section contained it. Shunkokan (#22) contained IRF at exceptionally high concentrations in the albedo, juice vesicle, flavedo, and segment epidermis: 101, 51.2, 51.0, and 35.1 mg/100 g, respectively (Tables 4-7 ). The species with high concentrations of RFN were Bergamot (#4), Sour orange (#17), Natsudaidai (#15), and those in the Cephacitrus section (IV) ( Table 2 ). The concentration of this compound was lowest in the segment epidermis among the fruit tissues (Table 7) . DSM widely occurred in all species except those of the Cephacitrus (IV) section and Fortunella (102) species ( Table 2 ). The concentrations of DSM tended to be higher in Limonellus (II) and Citrophorum (III) fruits than in other fruits. NDM was widely distributed in all tested fruits except for the Citrophorum (III) and Fortunella (102) species (Table 2) . Cabuyao (#1), Bergamot (#4), and Trifoliate orange (#45) in particular contained relatively large amounts of NDM among the fruits tested, especially in the juice vesicle (Table 4) .
SNT occurred in most fruits tested, except for the Fortunella (102) species. Among them Cabuyao (#1) and Sunki (#39) contained it in large quantities in the flavedo (Table 2 and 5 ). This compound was scarce in the juice vesicle (Table 4) as reported previously. 26) NOB was present at high concentrations in species of the Acrumen (VII) and Aurantium (V) sections (Table 2) but not in the Fortunella (102) and Poncirus (103) species.
As was the case with SNT, NOB was distributed mostly in the flavedo (Table 5 ). The distribution pattern of TNG resembled that of NOB, the highest concentration being found in the flavedo of Dancy tangerine (#32), followed by that of Ponkan (#31) ( Table 5 ). HPM occurred in the flavedo of some species in the Acrumen-Euacrumen (VII) and Aurantium (V) groups at relatively high concentrations, but the levels in the tested species were lower than those of other polymethoxylated flavones (PMFs).
Principal component analysis
The principal component and factor loading values for the flavonoids in each part of the fruits of the 45 species are listed in Table 8 . All neohesperidosyl flavanones (NER, NRG, NHP, and PON) investigated and RFN (Fig. 1) , a neohesperidosyl flavone, had absolute values of more than 0.5 in the 1st principal component (PC), except for PON in the segment epidermis. Another neohesperidosyl flavone, NDM, also had large absolute values, except in the flavedo and segment epidermis. On the other hand, the rutinosyl flavonoids (ERC, NRT, HSP, NPO, IRF, and DSM) except for RTN had opposite scores to those of the neohesperidosyl flavonoids in the 1st PC of each part of the fruits, except for NPO and DSM in the juice vesicle (Tables 7 and 8) . From these results, the sugar type was suggested to largely contribute to the 1st PC. Albach and Redman have shown that Citrus species could be differentiated on the basis of their content of neohesperidosides or rutinosides.
6) Kawai et al. have reported a multivariate analysis of 66 Citrus species, using composition data for 21 flavonoids in the dried edible part which consisted of the juice vesicle and segment epidermis. 27) Our results partly agree with their data in that some of the neohesperidosyl flavonoids had a high factor loading on the 1st PC, although the opposing score between the rutinosides and nephesperidosides was not apparent. Concerning the 2nd PC, the PC values for the flavonoid glycosides generally decreased with decreasing polarity of the fruit (Table 8) . In this component, the PMFs had negative values, except for HPM. Therefore, the polarity of the flavonoid constituents is suggested to contribute in the 2nd PC of the fruit. In respect of the PC of the segment epidermis, the flavonoid glycosides had inverse values to those of the fruit, and the contribution of PMFs was smaller than that of the fruit. In the analyses of the peel, flavedo and albedo, NOB and TNG in addition to HSP each had a relatively high factor loading among the compounds tested. On the other hand, values for the flavonoids in the juice vesicle had different patterns from those in the other parts of fruits, and no clear trend was apparent. According to the report by Kawai et al., the results of a PCA and cluster analysis of 23 flavonoid compositions in 34 citrus juices were not entirely in agreement with Tanaka's classification. 16) They presumed the composition data were influenced by flavo-noid localization, pulp content, and water content.
Mouly et al. have demonstrated the differentiation of sweet oranges, grapefruits, and lemons purchased at a local market by using the pattern recognition technique of 6 the flavanone glycoside composition of juice. 15) Provided that the number of Citrus biotypes is limited, the flavonoid composition should enable their differentiation.
The scatter diagrams from the principal component analysis based on the concentration of flavonoids in the fruit samples are shown in Figs. 2(A) and (B) . The spots for Cabuyao (#1), Bergamot (#4), Marsh grapefruit (#12), Sour orange (#17), Shunkokan (#22), and Trifoliate orange (#45) are widely distributed away from the other groups (Fig. 2(A) ). The spots for Sour orange (#17) and Bergamot (#4) are relatively close together, agreeing with the report in which Bergamot (#4) was indicated to be a hybrid of Citron (#6) and Sour orange (#17) by using RAPD and SCAR markers. 18) In the Limonellus (II) section, the spots for Biroro (#5) and for Bergamot (#4) separated from those of Mexican lime (#2) and Tahiti lime (#3) (Fig. 2(B) ). In the Citrophorum section (III), the spots for Sweet lemon (#8) and Lumie (#9) are close to each other, but that for Citron (#6) is close to the Fortunella (102) area and that for Eureka lemon (#7) is close to the Acrumen (VII) area. Excepting the Marsh grapefruit (#12), the species in the Cephacitrus (IV) section formed a group with Natsudaidai (#15), Sudachi (#24), and Kabosu (#25). The spots for the Aurantium (V) species are widely dispersed; that for Natsudaidai (#15) is located in the Cephacitrus group (IV), those for Sanbokan (#16) and Iyo (#20) are in the Acrumen group (VII-1), those for Valencia (#18), Morita navel (#19), and Hyuganatsu (#21) are relatively near to the Acrumen group (VII-1-3), and those for Sour orange (#17) and Shunkokan (#22) are away from those of the other species. The species in the Aurantium (V) section are considered to be hybrids of C. reticulata and C. grandis. 28) This difference in flavonoid composition being considered to involve the predominance of the genotype of their parentage. As already mentioned, two spots for the Osmocitrus (VI) species appeared within the group of the Cephacitrus (IV) species, and the spot for Yuzu (#23) was away from these. Swingle has defined Yuzu (#23) as a hybrid of C. ichangensis and Sunki (#39), and Sudachi (#24) as a hybrid of C. ichangensis and C. grandis. 25) According to the report by Berhow et al., Yuzu (#23) had NRG in the leaves which contained more varieties of phenolic compounds than the fruit, while C. ichangensis did not. 29) As Sunki (#39) is a mandarin-type fruit which does not contain NRG (Table 2) , Yuzu (#23) might have been derived from an additional crossing with other species containing NRG. Species in the Acrumen (VII) section commonly include rutynosyl flavonoids such as NRT, HSP and NPO, but not neohesperidosyl ones ( Table 2 ). The 16 species investigated in this section are split into 3 groups, in addition to the spots for Satsuma (#27) and Sunki (#39) which are located apart from them ( Fig. 2-(B) ). It is apparent that the species belonging to the VII-1 group contained lower levels of both NOB and TNG than those in the VII-2 or VIII-3 group (Table 2) . Spots for the Euacrumen subsection species (#26-28) are relatively close to each other near the VII-1 area. The three split groups of the Acrumen (VII) species did not seem to have relevance to Tanaka's further classification of this section. Gaydou et al. have examined the differentiation of oranges (C. sinensis) and mandarins (C. reticulata) by using the 6 PMF composition data of fruit peel. 14) In their report, cultivars of C. sinensis in Aurantium (V) section and C. reticulata in Acrumen (VII) section were apparently differentiated from each other, although Clementine (#33) and Dancy tangerine (#32), both of which are Acrumen (VII) species, were found in the Aurantium (V) group. In our experiment, two cultivars of C. sinensis (#18 and #19) were separated from the Acrumen group, but Sanbokan (#16) and Iyo (#20), both Aurantium species, were located in the VII-1 area (Fig. 2) .
The dendrogram calculated by the UPGMA method based on the standardized data for flavonoid concentration is shown in Fig. 3 . Sour orange (#17), Bergamot (#4), Cabuyao (#1), Shunkokan (#22), Trifoliate orange (#45), Marsh grapefruit (#12), and Biroro (#5) are separated from the other species. The species in the Cephacitrus (IV) section and Natsudaidai (#15), which include NRG and NHP, are associated with each other, except for Marsh grapefruit (#12) and Syaten yu (#11). In the Aurantium (V) section, Valencia (#18), Morita navel (#19) and Hyuganatsu (#21) are associated with each other to a slight degree, but Sambokan (#16) and Iyo (#20), as well as Sour orange (#17), Shunkokan (#22) and Natsudaidai (#15) are separated from these species. Concerning the Osmocitrus (VI) species, Yuzu (#23) is separated from Sudachi (#24) and Kabosu (#25), while Yuzu (#23) is associated with Citron (#6), Fortunella (102) species and shikikitsu (#42), as is the case with the scatter diagram ( Fig. 2(B) ). The spots for Sudachi (#24) and Kabosu (#25) are in the Cephacitrus (IV) area of the scatter diagram (Fig. 2(B) ), although these species are separated from Cephacitrus (IV) Table 1 for the identification of numbers. species except Syaten yu (#11). The species in the Acrumen (VII) section are roughly separated into two groups, one of them consisting of the Microacrumen group species and the other of the Euacrumen and Microacrumen species. Further classification of these groups did not coincide with the degree of association. Species in the genus Fortunella (102) and Shikikitsu (#42), belonging to the Pseudofortunella (VIII) section, were associated with each other.
In conclusion, the flavonoid composition in the tissues of 45 citrus species has been revealed for the effective utilization of citrus flavonoids. The flavonoid composition of citrus fruits classified by Tanaka's system was in approximate agreement within each section, except in the Aurantium (V) section and those with a peculiar flavonoid composition. The classification of Citrus species may differ with the recognition of morphological differences. The development of research in molecular marker techniques would solve this problem.
